High-quality fish oil for human consumption requires low levels of toxic elements. The aim of this study was to compare different oil extraction methods to identify the most efficient method for extracting fish oil of high quality with the least contamination. The methods used in this study were Soxhlet extraction, enzymatic extraction, wet reduction, and supercritical fluid extraction. The results showed that toxic elements in fish oil could be reduced using supercritical C 0 2 at a modest temperature (60°C) and pressure (35 MPa) with little reduction in the oil yield. There were significant reductions in mercury (85 to 100%), cadmium (97 to 100%), and lead (100%) content of the fish oil extracted using the supercritical fluid extraction method. The fish oil extracted using conventional methods contained toxic elements at levels much higher than the accepted limits of 0.1 pg/g.
Fish, with high-quality protein, vitamin D, selenium, omega-3 fatty acids, and other nutrients, is a major source of food for humans (2) . Marine fish is rich in polyunsaturated fatty acids (PUFAs), particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Intake of fish and fish oils is recommended to prevent cardiovascular diseases (5) . The protective effects of fatty fish and fish oil supplements against coronary heart disease have been proven in several medical studies (6, 12, 36) . Fish oil supplements contain high doses of omega-3 PUFAs, which can decrease blood pressure in patients with hypertension and stabilize the mood in bipolar disorder, depression, attention-deficit hyperactivity disorder, and dementia (9, 
27).
However, high levels of toxic elements may diminish the beneficial effects of fish and fish oil intake ( 13) . Fish has been identified as the main source of toxic element (mercury, arsenic, cadmium, and lead) exposure in humans (4) . Metals, such as mercury, arsenic, cadmium, and lead, are toxic elements that generally accumulate in fish tissues, such as muscle, liver, or offcuts. There have been several reports on toxic element contamination of fish and fish products from different regions of the world ( 1, 16, 38) . Any contaminated fish has the ability to transfer dangerous toxins to human through ingestion, and the risk of contamination is believed to increase as the quantity consumed increases. Recent studies showed high levels of * Author for correspondence. Tel: + 603-89423406; Fax: -I-603-89423552; E-mail: parvaneh@upm.edu.my.
toxic elements in marine fishes from Malaysia (1, 15) .
Mackerel skin is extremely oily and contains a high level of PUFAs (29) . Mackerel samples from Malaysia have also been reported to have high levels of mercury (15) . In short bodied mackerel, more than 70% of the mercury was in the foim of organic mercury ( 14) . In a survey of various fish oil supplements, Schmeisser et al. (32) reported that they contained from 4.3 to 10.5 pg/g total arsenic. Kolakowska et al. (21) reported 6.6 pg/g arsenic in cod liver and its oil. Lunde (22) reported 3.9 pg/g arsenic in the lipid extracts of cod liver and herring. The mercury concentration in different brands of fish oil studied by Foran et al. (8) ranged from 6 to 12 pg/liter. In a previous survey of toxic element contamination in fish oils from Malaysia markets, mercury, arsenic, cadmium, and lead were detected (unpublished data). Therefore, there is a need to produce fish oil supplements with lower levels of contamination. Supercritical fluid extraction (SFE) has been extensive ly used to remove metal ions from various solid and liquid matrices of environmental samples ( 7, 19) . SFE has progressed recently as an effective extraction method in food industries, mostly due to the lower health and environmental hazards involved. This method is employed for the extraction and refinement of edible oils and fats, the extraction of animal fats, the removal of cholesterol from food and oils, decaffeination, and the extraction of hops and spices ( 10, 26) . SFE successfully reduces the levels of other toxic chemicals, such as dioxins and polychlorinated biphenyls in fish oil (17, 23) . However, this method has rarely been used for the detoxification of foods, particularly fish oils. One of the main goals of fish oil extraction is eliminating impurities without altering the nutritional compounds and the oxidative status of the oil (23) . In this study, the efficiency of SFE in reducing the levels of toxic elements in fish oil compared with that of conventional extraction methods was evaluated.
MATERIALS AND METHODS
Chemicals and standards. Commercial liquefied C 0 2 (purity, 99.9%), hydrogen (purity, 99.9%), nitrogen (purity, 99.9%), auxiliary gases, and compressed air (free from organic impurities) were purchased from Malaysian Oxygen Ltd. (Kuala Lumpur, Malaysia). Nitric acid (65%), n-hexane, ethanol, petroleum ether, methanolic NaOH, and methanolic borontrifluoride were obtained from Merck (Darmstadt, Germany). Sodium methoxide and bromelain (6 U/mg) were obtained from Sigma Aldrich (St. Louis, MO). The fatty acids standard mixture (37 Component FAME Mix) was purchased from Supelco (Milan, Italy). Toxic element standards (mercury, arsenic, cadmium, and lead) were obtained from Fluka (Tokyo, Japan).
Sample preparation. Samples of fresh short-bodied mack erel were collected from a fish market in Selangor, Malaysia. Different parts of the fish, including the skin, muscle tissue, and viscera were used for oil extraction. Samples were freeze-dried in a freeze dryer (Labconco, Kansas City, MO) at -47°C in a 0.133-bar vacuum. The dried samples were ground into particles, with sizes ranging from 0.2 to 0.5 mm by sieving. The moisture contents of the freeze-dried samples were determined following the AOAC International Official Method 934.01 (3).
Fish oil extraction methods. Four different methods were used for extracting oil from fish tissues. Triplicate samples prepared using each of the methods were analyzed. The percent oil yield was calculated using equation 1, as follows:
Weight of the samPle (g) Weight of the oil extracted (g) x 100
(1) separated by cutting the frozen contents of the tubes, and the wet weights were determined.
SFE. The SFE of fish oil was conducted following the optimal conditions previously established in our laboratory (29) . The SFE pilot unit used consisted-of an Intelligent HPLC pump (model PU-1580, Jasco Corporation, Tokyo, Japan) equipped with a cooling jacket to deliver C 0 2. Carbon dioxide from the supply tank was cooled using the cooling jacket attached to the pump. To cool the pump head, an ethylene glycol-deionized water mixture (50:50, vol/vol) circulated through the cooling jacket using a lowtemperature bath circulator (model 63ID, Tech-Lab Manufacturing Sdn. Bhd., Selangor, Malaysia). A 10-g freeze-dried sample was placed in a 50-ml extraction vessel and heated using a column oven (model CO-1560, Jasco Corporation). The extraction occurred at a temperature of 60°C and a pressure of 35 MPa, using a flow rate of 2 ml/min for 6 h. Under supercritical conditions, the oil dissolved in C 0 2 was separated in the back-pressure regulator (model BP-1580-81, Jasco Corporation). The back-pressure regulator was used to reduce the pressure of the solvent and to separate the fish oil solute from the solvent in the trap. The fish oil separated from the supercritical phase using pressure reduction via an expansion valve was collected in the yield trap.
Solvent extraction (Soxhlet).
A 10-g dried sample was extracted in triplicate using the Soxhlet method, with petroleum ether as the solvent, in a Biichi extraction system (model B-811, Essen, Germany). The extraction was conducted for 6 h in three extraction steps and then the solvent was evaporated using a rotary evaporator (Heidolph W B /V V 2000, Schwabach, Germany), and the samples were dried in an oven at 45 °C.
Wet reduction.
A 50-g sample of homogenized fresh fish tissues mixed with 50 ml of water was heated in a water bath at 95°C for 15 min and then centrifuged at 11,952 x g at 20°C for 10 min. The top layer containing the fish oil was collected and maintained at -20°C prior to analysis.
Enzymatic extraction. Enzymatic extraction of fish oil was conducted following the method of Mbatia et al. (24) . Fifty-gram samples of homogenized fresh fish tissues were mixed with 50 ml of water. The mixtures were heated in a water bath to a temperature of 55°C for 15 min with stirring at 500 rpm, after which enzymatic hydrolysis was initiated by the addition of 0.5% bromelain (by wet weight of raw material). The contents were flushed with nitrogen, and hydrolysis proceeded for 2 h. The hydrolysates were centrifuged at 11,952 x g at room temperature for 15 min. To recover the different fractions after centrifugation, the tubes were maintained upright at -20°C for 2 h, then the fractions were Toxic element analysis. Toxic elements were extracted in all of the samples following the method described by Hajeb et al. (14) . One-gram samples of fish oil or fresh or freeze-dried fish tissues were weighed in digestion tubes, then 5 ml of H N 03 (65%) was added, and the mixture was digested at 40 to 90°C for 3 h. The digested samples were cooled and subsequently diluted to 40 ml using deionized water. The elements in the filtered samples were analyzed using inductively coupled plasma mass spectrometry (ICP-MS; Perkin-Elmer, Wal tham, MA). The analytical blank samples were evaluated in the same way as the experimental samples, and the concentrations were determined using standard solutions prepared in the same acid matrix. The operating condition for the analysis of toxic elements using inductively coupled plasma mass spectrometry is presented in Table 1 .
The recovery of the elements was determined by spiking the samples with 5, 10, or 15 ng/ml of the standard solutions. The concentration of the elements in the resulting solutions were analyzed. The limit of detection and the limit of quantification of the four elements were determined by serial dilutions of the lowest calibrator concentration and established at a ratio of signal/noise of > 3 and a ratio of signal/noise of > 10. The recoveries, limit of detection, and limit of quantification for the four elements are shown in Table 2 .
Fatty acid analyses. The fatty acid compositions of the fish oil extracted using each method were determined according to the (18) . An aliquot of fish oil sample was esterified using methanolic NaOH and methanolic borontrifluoride, and then the fatty acid methyl esters were extracted using hexane. The fatty acid methyl esters composition was determined using gas chromatography (model 4D, Shimadzu, Japan), with a flame ionization detector and an OmegaWax fused-silica capillary column (film thickness: 0.25 pm; 0.25-mm inside diameter; length: 30 m; Supelco, Bellefonte, PA). The oven temperature was programmed to be 50°C, which was held for 1 min, and then increased to 220°C at 4°C/min and held for 25 min. The injector and detector temperatures were set at 250°C. The fatty acids were identified by comparing their retention times with those of the reference standard mixture.
Statistical analysis. The statistical analysis was conducted using an analysis of variance with significance set to P < 0.05 to compare the differences between the extraction methods, using the Minitab version 13.2 statistical package (Minitab Inc., State College, PA). The variation between the elemental reduction achieved using the different methods and the different parts of the fish and the fatty acid contents of the extracted oils was evaluated using the Duncan t test.
RESULTS AND DISCUSSION
Efficiency of the extraction methods. The moisture contents of the fresh samples of flesh, skin, and viscera used in the wet reduction and enzymatic extractions were 74.99% ± 0.03%, 72.95% ± 0.36%, and 76.63% + 0.36%, respectively. The moisture contents of the freeze-dried samples of flesh, skin, and viscera extracted using the Soxhlet and SFE methods were 2.85% + 0.32%, 3.79% + 0.14%, and 2.75% + 0.11%, respectively. The total oil yields obtained using the different extraction methods are shown in Figure 1 . SFE was a more efficient extraction method compared with the enzymatic extraction and wet reduction methods. The difference between the yields obtained using the Soxhlet and SFE methods were not significant (P > 0.05). The highest yield was obtained from fish skin, followed by the viscera and flesh using all four of the extraction methods. This result could be due to the moisture contents of the raw materials used. According to Rubio-Rodrfguez et al. (28) , the highest extraction yield is reached when the moisture content of the fish material is less than 20%, as it was in the freeze-dried fish extracted using the SFE and Soxhlet methods. In wet reduction and enzymatic extraction, oil is extracted by denaturing or hydrolyzing the fish proteins by the action of heat or by an enzymatic reaction, followed by centrifugation. In this study, the yields obtained using these two extraction methods were much lower than that of the SFE method, which might be due to the high moisture content of the raw materials used. Furthermore, when using the enzymatic extraction method, the emulsifying effect of the fish proteins was observed, in which a fraction of the oil remained emulsified in a stable skim fraction, even after centrifuga tion. This occurrence could be due to the fats being tightly bound to the protein matrix in this fish so that further steps are required to extract the oil. Therefore, these two extraction methods were not as effective in extracting the oil from the short-bodied mackerel compared with the SFE and Soxhlet methods. In the current study, the yield of the oil extracted from different tissues of the short-bodied mackerel using enzymatic extraction ranged from 11 to 28%. Mbatia et al. (24) obtained oil yields of 11.2 and 15.7% of wet weight from Nile perch and salmon heads, respectively. According to Mbatia et al. (24) , during enzymatic extraction, the amount of water added to raw materials that contain lipids has a significant effect on the oil yield. The result of this study was similar to that obtained in previous studies (25, 30) , Sahena et al. (30) reported a slightly larger amount of fish oil extracted from Indian mackerel using the SFE and Soxhlet methods. However, the trend for the fish oil extracted from the flesh and viscera of the fish was different; in this study, the total fish oil extracted from the viscera was higher than that of the fish flesh using the four extraction methods.
Toxic element reduction. The levels of the toxic elements, namely, mercury, arsenic, cadmium, and lead, in the fish tissues and the extracted fish oils are presented in Table 3 . The skin, flesh, and visceral samples of the short bodied mackerel were contaminated with mercury at 0.28 + 0.06, 0.67 + 0.07, and 0.94 + 0.19 pg/g of dry weight, respectively. The fish oil extracted using the SFE method contained considerably lower levels of mercury (0.09 ± 0.04 pg/g), which was lower than the accepted limit for human consumption. The recommended maximum accepted limit of the Global Organization for EPA and DHA is 0.1 pg/ g for the toxic elements (mercury, arsenic, cadmium, and lead) in fish oil for human consumption (11) . The results showed that 85 to 100% of the mercury content of fish can be avoided by using the SFE method to prepare fish oils. In > s contrast, the non-SFE methods increased the levels of mercury in the fish oils compared with those of the raw materials. This result could be due to the element accumulating in the oil fraction during extraction.
The cadmium content of the fish samples ranged from 2.09 to 12.94 pg/g of dry weight. The cadmium concentration was greater in the oil extracted using the wet reduction and the enzymatic extraction methods, and it exceeded the maximum accepted limit of 0.1 pg/g. The cadmium content was reduced in the fish oil extracted using the SFE method; however, it still exceeded the safe limit in some samples ( Table 3 ). The rate of cadmium reduction ranged from 97 to 100% in fish oil extracted from the skin and flesh using the SFE method. The lead concentration of the fish samples ranged from 1.23 to 4.60 pg/g of dry weight. The concentration was signifi cantly reduced in fish oil extracted using the different methods (P < 0.05). Flowever, the concentration was higher than the maximum accepted limit of 0.1 pg/g in fish oils extracted using the non-SFE methods. A 100% reduction of the lead in fish oil was achieved using supercritical CO2 extraction. The fish samples also contained high levels of arsenic (37.15 ± 1.19 pg/g of dry weight), which increased to 39.01 + 0.11 pg/g in oil extracted using the non-SFE extraction methods. The fish oil extracted using the SFE method contained a signifi cantly (P < 0.05) lower level of arsenic (0.948 ±0.13 pg/ g). However, this level still exceeds the safe limit recommended for human consumption (0.1 pg/g). The rate of arsenic reduction ranged from 94 to 100% in fish oil extracted from the skin and flesh using the SFE method.
Previous studies have also reported high levels of arsenic in fish oil supplements. Schmeisser et al. (32) reported arsenic levels of 4.3 to 10.5 pg/g in fish oils.
Kolakowska et al. (21) (28) reported that negligible amounts of cadmium, mercury, and lead were extracted together with the oil using the SFE method. Nevertheless, fish oil extracted using the SFE method contained 0.05 to 6.70 pg/g arsenic. They claimed a higher arsenic reduction in orange roughy oil compared with salmon oil using the SFE method. The reduction of toxic elements is highly dependent upon the type of elemental species in the fish tissue that is used. The arsenic detected in fish oils is most likely in the arsenolipids that are coextracted with the oil using the SFE and the other extraction methods. Previous studies (33, 38) reported the presence of three arsenolipids in a marine phytoplankton, one of which was a phosphatide and the other two were proposed to be glycolipids. Kohlmeyer et al. (20) suggested the possibility of arsenic binding to cholesterol or fat-soluble vitamins because these compounds are normally present in fish oil.
The greater reduction of the mercury, cadmium, and lead contents of the oil prepared using SFE shows that these elements are most likely attached to polar compounds that are not extracted by SFE. Large amounts of toxic elements were extracted with the oil using the non-SFE methods, such as wet reduction and enzymatic extraction. This result also indicates those elements being bound to fatty compounds rather than to proteins. The free fatty acids and triglycerides in the oil phase are the most likely organic compounds to which metals would bind. Tavakoli and Yoshida (35) proposed that the free fatty acids and triglycerides in squid oil perform metal chelating reactions. They suggested that free fatty acids have a high affinity for metal ions. According to their study, fatty acids and triglycerides are able to bind divalent heavy metal ions. At high temperatures, the double bonds of the triglyceride molecules are broken, which lead to their saturation (31). Under these conditions, the unsaturated fatty acids decom pose and easily react with metal ions. Extracting fish oil at a high temperature using the wet reduction method caused thermal decomposition and, consequently, lower levels of PUFAs in the oil. The higher levels of toxic elements in the fish oils extracted at 95 °C using the wet reduction method can also be explained by the higher levels of free fatty acids in those oils compared with the oils extracted using the other three methods. Tables 4 through 6 show the fatty acid compositions of the oils extracted from the skin, flesh, and viscera of the short bodied mackerel using the SFE, Soxhlet, enzymatic extraction, and wet reduction methods. The fatty acid contents varied according to the extraction method em ployed. The highest PUFA content was observed in oil extracted using the SFE method, followed by that extracted using the Soxhlet method. The amounts of PUFAs extracted from the skin, flesh, and viscera using the SFE method ranged from 69.17 to 70.65, from 63.69 to 65.25, and from 59.06 to 61.97 g/100 g, respectively. The largest amounts of omega-3 fatty acids, mainly EPA and DF1A, were extracted from fish skin and flesh using the SFE method. The EPA contents of the skin, flesh, and viscera were 12.09 + 0.12, 11.22 + 0.04, and 10.53 + 0.01 g/100 g, respectively. The amounts of DHA in the skin, flesh, and viscera were 17.19 + 0.10, 16.70 ± 0.09, and 15.23 ± 0.05 g/100 g, respectively.
Fatty acid compositions of the extracted fish oils.
Fish oil can be produced using several methods, some of which necessitate heat treatment, which may affect the quality of the PUFAs. The results showed that fish oil extracted using the wet reduction method contained the lowest levels of PUFAs and omega-3 fatty acids. The total PUFA content of the oils extracted from fish skin, flesh, and viscera using the wet reduction method were 7.90 + 0.46, 7.00 ± 0.22, and 4.76 ± 0.17 g/100 g, respectively. Due to emulsion formation during extraction, the amounts of PUFAs and other fatty acids obtained using enzymatic extraction were lower than those obtained using the SFE and Soxhlet methods. The total PUFA contents of fish skin, flesh, and viscera were 37.80 + 0.59, 35.59 + 0.67, and 29.62 + 0.41 g/100 g, respectively. However, the amounts of EPA and DHA recovered were significantly higher (P < 0.05) than those recovered using the wet extraction method. SFE of oil is an efficient method because it involves the application of mild temperatures that prevent the oxidation of the PUFAs. In this study, the oil extracted from fish skin using the SFE method had the highest concentration of total omega-3 fatty acids (47.74 ± 0.55 g/100 g oil). The contents of omega-6 fatty acids in the oils extracted from fish flesh and viscera using the Soxhlet method were higher than those obtained using the SFE method. However, the difference was not significant (P < 0.05). Short-bodied mackerel have lower contents of saturated fatty acids and monounsaturated fatty acids than do Indian mackerel, as reported by Sahena et al. (30) and Osman et al. (25) . Whereas the content of omega-3 PUFAs was higher than that reported for Indian mackerel, the omega-6 PUFAs content was in the same range.
Irrespective of the method of extraction, the omega-6/ omega-3 ratio was in the acceptable range in all of the oil samples. The omega-6/omega-3 ratio is a good index for comparing the nutritional values of fish oils from different fish species. The optimal balance of these fatty acids in the human body is 1:1 (34). According to the World Health Organization recommendation, this ratio should not exceed 5.0 in the total human diet (37) .
The results of this study showed that fish oils produced using the conventional methods, such as wet reduction, enzymatic extraction, and Soxhlet extraction contain levels of toxic elements that are greater than those of the corresponding fish tissues. Therefore, a subsequent refining process is needed for these oils to meet the quality standards required for human consumption. Due to their distinctive extraction mechanisms, various extraction techniques achieved different rates of reduction of the toxic elements. The reduction of toxic elements using the SFE method was significantly more efficient than that of the other methods due to the high selectivity of supercritical CCL for nonpolar compounds. Most of the toxic element residues were eliminated from fish oil by using the supercritical technique. The fish oil extracted from the skin and flesh using the SFE method was entirely free of mercury contamination. Among the toxic elements, arsenic was detected in high levels in the fish oils, which could be due to the lipid solubility of some arsenic species. Therefore, to more effectively reduce the arsenic in fish oil, we recommended optimizing the SFE conditions. Overall, this study showed that compared with other oil extraction methods, SFE is an efficient method because it extracts oils with high quality and low levels of impurities. This study also showed that the skin and viscera of the short-bodied mackerel are valuable raw materials for obtaining high-quality fish oil.
